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In this work, we combine a systematic experimental investigation of the power-and temperaturedependent evolution of the spatial coherence function, g (1) (r), in a one-dimensional excitonpolariton channel with a modern microscopic numerical theory based on a stochastic master equation approach. The spatial coherence function g (1) (r) is extracted via high-precision Michelson interferometry, which allows us to demonstrate that in the regime of non-resonant excitation, the dependence g (1) (r) reaches a saturation value with a plateau, determined by the intensity of pump and effective temperature of the crystal lattice. The theory, which was extended to allow for treating incoherent excitation in a stochastic frame, matches the experimental data with good qualitative and quantitative agreement. This allows us to verify the prediction that the decay of the off-diagonal long range order can be almost fully suppressed in one-dimensional condensate systems. Introduction.-Exciton-polaritons evolve in semiconductor microcavities as the result of strong coupling of optical and matter modes [1] . At sufficiently low concentrations (up to ∼ 10 11 cm −2 ) they obey bosonic statistics, and owing to their small effective mass, which is about 10 5 times smaller than the free electron mass, manifest quantum coherent properties at surprisingly high temperatures. Indeed, polariton condensation is observed at temperatures of tens of Kelvin in GaAs and CdTebased structures [2, 3] and up to room temperatures in wide-bandgap materials [4] [5] [6] . Having lot of similarities with conventional Bose-Einstein Condensation (BEC) [1] , polariton condensation reveals some important peculiarities. Differently from cold atoms, polaritons have finite lifetime and in order to reach an equilibrium state their radiative decay should be compensated by a constant pumping of the system, which can be implemented either optically or electrically [7] . Moreover, the planar microcavity exciton-polariton system is inherently two-dimensional (2D), and in accordance with the Hohenberg-Mermin-Wagner theorem the transition to BEC in a uniform system is only possible at zero temperature [8] for 2D as well as 1D geometries. Restriction of the system to a finite size, however, inhibits excitation of density and phase fluctuations permitting the formation of a condensate or quasi-condensate phase with a macroscopic coherence length [9, 10] .
There is a long standing discussion in the literature addresing the question: what should be the experimentally verifiable criterion of the polariton condensation? It is now commonly accepted, that the onset of the OffDiagonal Long Range Order (ODLRO), determined by the first-order spatial coherence function g (1) (r) can be considered as a smoking gun criterion, putting the latter function in the most intense focus of theoretical [11] [12] [13] [14] and experimental [2, 15, 16] research. In particular, polariton condensation in one-dimensional channels has drawn special attention. It was demonstrated that polaritons trapped in a channel reveal the appearance of ODLRO in the condensation regime [16] . Moreover, the droplets of BECs in such systems can propagate over macroscopic distances, preserving their coherence properties and allowing for the efficient manipulation [17] . Recently, an experimental observation of room-temperature polariton condensation in a one-dimensional ZnO channel has been reported [18] . These technological achievements open a route to the creation of polariton-based logic elements and optical integrated circuits working at relatively high temperatures [19] . Among the phases expected for a 1D polariton gas are the Tonks gas [20] and the condensate/quasi-condensate phases [10] , the former appearing when interactions come to dominate the energy scale and the condensate phases resulting for a sufficiently weakly-interacting and finite-sized system. The quasi-condensate which still exhibits some phase fluctuations is characterised by an exponentially decaying longrange order, but with enhanced coherence length. Such a phase is typical of the weakly-interacting dilute-gas atomic condensate. The low energy of phase fluctuations in this system prevents the formation of a true condensate phase with a plateauing long-range order, except at the lowest temperatures [10] . The decay of spatial coherence in a low-dimensional non-equilibrium (polariton) condensate has been studied through a mean-field treatment with a stochastic noise term [21] with the result that, provided the gas is interacting, similar behaviour to that of equilibrium BEC is expected in 1D, 2D and 3D systems. The results that we discuss in this letter however distinctly place our 1D polariton condensate into the true BEC-like phase where both phase and density fluctuations are suppressed to the level that ODLRO can be observed with a BEC-like constant plateau in the spatial coherence at the largest distances. On the theoretical side, for the description of the polariton dynamics in one dimension an approach based on the Lindblad master equation technique has been developed [22] . Differently from the approaches based on either Gross-Pitaevskii-type equations [23, 24] or semi-classical Boltzmann equations [25] [26] [27] , it allows to account for real space dynamics of the polariton droplets, processes of decoherence and energy relaxation provided by the interaction of polaritons with the thermal bath of acoustic phonons. Moreover, the calculation of two-point correlators necessary for the analysis of the transition between thermal and OLDRO phases became possible [13] .
Here, we demonstrate that once the intensity of pump reaches a threshold value, the system undergoes the transition from the thermal to condensate phase accompanied by the onset of ODLRO. Theoretically, this transition is modeled using the original microscopic approach based on a stochastic density matrix formalism. We investigate the influence of temperature and pump intensity modulation on the coherence properties of the system and reveal good agreement between the theory and experiment.
Experiment.-The polariton channels (Fig. 1a) ) with a length of 200 m (width 5 m) were etched into a high-Q AlGaAs based λ/2 microcavity with twelve GaAs quantum wells (QWs) and a Q-factor exceeding 10000 (see supplementary information [28] ).
First, we investigate the power dependent emission features of the microwire cavity via momentum resolved spectroscopy. The microwire is mounted in a helium flow cryostat and it is oriented parallel to the entrance slit of the spectrometer. Polaritons are injected with a non-resonant CW-laser which is tuned to the energy of the first reflection minimum of the Bragg reflector. The Gaussian-shaped pumping spot has a diameter of 5 µm, and the laser beam is chopped with a duty cycle of 0.1 to reduce power-induced heating effects. As shown in Fig. 1b) , we observe a set of parabolic dispersions which can be attributed to the ground state of the microwire as well as higher order lateral modes. Each dispersion is split into a mode doublet [34] . The energy-momentum detuning between the lowest photon mode E C1 k = 0 and the exciton energy E X k = 0 of the ground state amounts to δ = E C1 k = 0 − E X k = 0 = −13 meV, which is less than the Rabi splitting E RS = 14.5 meV.
With the increase of the pump power, polaritons condense into the ground state which is manifested by its massive occupation [ Fig. 1c) ]. The corresponding inputoutput characteristics of the power dependent study is shown in Fig. 1d ). It features a distinct threshold which is typical for the onset of stimulated scattering leading to the growth of a condensate. Above P = 2.5P th the intensity decreases again indicating excitation power-induced heating of the sample. At threshold, the linewidth of the polariton emission (shown in Fig. 1e ) significantly reduces. This behaviour is commonly assigned to an increased temporal coherence of the emission in the regime of polariton lasing [35] . Further, it increases again with the increase of the particle densities which can be attributed to dephasing resulted from the polaritonpolariton interactions. In order to investigate the spatial coherence properties of the polariton channels, we measure its spatial correlation function, g (1) (r ′ , r ′′ ). We use a Michelson interferometer with a variable path length which overlaps the real space image of the polariton emission with its mirror image generated by a right angle prism. A schematic drawing of the optical setup is shown in Fig. 2a ) (it is similar to ref. [36] ). The overlapped real space images from the polariton wire are combined onto a CCD camera with high spatial resolution. The light from the excitation laser is filtered out with a long pass filter in the optical beam path. Fig. 2b ) depicts the resulting interference pattern on the camera. By moving one arm of the interferometer, we can extract the interferograms. From the visibility of the interference fringes [see Fig.  2c )], we can reconstruct the full spatial correlation function g (1) (r, −r) which is plotted in the colour map in 2d). It is interesting that, in contrast to the experimentally reported algebraic decay in 2D polariton systems [15, 36] , the spatial coherence function of a one-dimensional condensate is indicated to reach a constant plateau at large distances [16, 37, 38] . However, in these reports the clarity of this behavior is either obscured by large experimental errors resulting from the applied double slit technique [38] or by strong oscillations in the correlation function related to inhomogeneities of the 1D trap [16] and a comparably short long range order in the range of 10 µm [37] . For the purposes of assessing the long-range coherence behaviour, the 1D polariton condensate in our experiments may roughly be characterized as a finite area but uniform 1D condensate due to its smooth steady-state profile. It is now well appreciated that the CW-pumped polariton condensate may be viewed as confined to an 'effective trap' [39, 40] within which excitations over the entire condensate may be observed. Thus, despite ballistic expansion, the spatially extended steady-state profile represents the system size, and we may qualitatively ap- (1) (Δr) g (1) (Δr) g (1) (Δr) ply the expected 1D correlation functions to this experimental system.
Theory. -Theoretically, the first order spatial coherence can be determined as
where χ(r ′ , r ′′ ) is the single-particle density matrix of the system in real space:
HereΨ † (r),Ψ(r) are exciton-polariton field operators, ρ is a full density matrix of the closed system (polariton system plus the environment).
In the case of a spatially homogeneous system, the first-order coherence is only dependent on the relative distance:
(r), where r = |r ′ − r ′′ |. In the ODLRO phase the correlations do not decay even at very large distances, and thus lim r→∞ g (1) (r) = 0 [41] . In order to calculate g (1) (r) at different temperatures and pump intensities, we will employ a closed system of dynamic equations for the elements of the single particle density matrix in the reciprocal space based on the Lindblad master equation techniques and accounting for the processes of polariton-polariton and polariton-phonon interactions, pumping, and finite lifetime. The corresponding formalism was developed by us, and is described in greater detail elsewhere [22, 42] . In those previous works, we treated pulsed excitation of the condensate simply by introducing appropriate initial conditions [22] , or we considered CW resonant injection [42] . To accurately account for the effects of incoherent pumping, we had to extend our model by a stochastic approach introducing the random phase in the pumping term and performing statistical averaging. This modification represents a nontrivial and vitally important extension of our previous works to realistically model the experimental data. Upon finding the single-particle density matrix in the reciprocal space, the real space behavior can be found by the Fourier transform. The theoretical formalism is summarized in the Supplementary material [28] and full details can be found in Refs. [13, 22, 42] .
In the calculations, we used parameters (effective mass of polaritons, the Rabi splitting energy and detuning; the temperatures for each set of data; dimensions of the quantum wire) taken from the experimental data. The matrix element of polariton-polariton interaction was estimated using the expression: U ≈ 3E b a 2 B /S, where E b is the exciton binding energy, a B is its Bohr radius and S is the area of the wire, which gave U ≈ 4 neV. The polariton-polariton scattering rate was taken independent of the wavevector, for simplicity. The polaritonphonon scattering rate is calculated using Eq. (7) in [28] and the parameters there. The maximum value of the scattering rate reads W ≈ 38 neV. Pumping powers were chosen in accordance with the experimental data.
Results and discussion.-First, we investigate the behavior of coherence with the increase of the condensate density controlled by the intensity of pump, P . Below the threshold of condensation, the coherence function, g (1) (r), represents a resolution-limited sharp peak and a fast drop down to the noise level, which is shown in Fig. 3a) . After reaching the polariton lasing threshold P th (Fig. 3b) , this central peak starts to broaden indicating the increase of the coherence (Fig. 3c) . In thermal equilibrium, the width of the peak is related to the thermal de Broglie wavelength λ dB of the Bose gas. Despite our system is clearly out of equilibrium, we follow this analogy and extract an effective de Broglie wavelength of λ dB ≈ 8.5 µm well above the condensation threshold, which is in good agreement with earlier reports [36] . More remarkable, the spatial correlation function acquires a nearly constant plateau in the regime of polariton condensation, which persists over the full range of the microwire significantly above the noise level.
For moderate pump powers (below two times the threshold power) we observe a consistent increase of the spatial coherence degree with the increase of polariton occupancy. This is exemplarily demonstrated in Fig. 3c ) for a pump power of 1.6P th . We can quantitatively reproduce this behavior with our theory, as shown in Fig.  3a-c) : The spatial coherence is monotonously decaying over the distance r and reaches some non-zero value g (1) ∞ for r → ∞. This value is determined by the percentage of the coherent fraction in the system and it increases with the pump power, P (in case of absent strong localization effects). This behavior is also in good agreement with the theory. Fig. 4 serves as a manifestation of the thermal effects influence on the long range order. The figure depicts evolution of g (1) (r, −r) as a function of temperature at a constant pump power of 1.8 P th . The sample temperature is increased from 5 to 20 K.
We observe a significant decrease of g (1) (r, −r) with increase of the temperature, which strongly indicates the detrimental influence of acoustic phonons on the spatial coherence properties of the condensate. While for the highest temperature the correlation function drops to the noise level within the size of the pump spot in almost perfect agreement with theory (Fig. 4c) , the occurrence of satellite peaks (Fig. 4b, Fig. 3b ) indicate some persisting influence of sample disorder [37] or a boundary mode reflection. At a temperature of T = 25 K [ Fig.  4c) ] the value of g (1) (r, −r) quenches to zero at distances r > 20 µm and transition from ODLRO to thermal phase occurs.
Conclusion.-To summarize, we have investigated theoretically and experimentally spatial coherence properties of a one-dimensional exciton-polariton microwire under different non-resonant pump intensities and temperatures. We have compared the experimental data with calculations, utilizing a stochastic master equation approach. It has been demonstrated that the g (1) (r)-function has a plateau region which is determined by the intensity of non-resonant pumping and the effective temperature of the crystal lattice. Our results indicate that the method of stochastic phase in the framework of the master equation approach allows to simulate incoherent pumping of the system. 
SUPPLEMENTARY MATERIALS -Spatial Coherence Properties of
One-Dimensional Exciton-Polariton-Condensates 
Sample details
The polariton channels under investigation with a length of 200 m (width 5 m) were etched into a high-Q AlGaAs based λ/2 microcavity with twelve GaAs quantum wells (QWs). The QWs are located in the optical antinodes, in a similar manner as described in [1] . The Q-factor is experimentally determined to exceed 10000. In order to generate a quasi one-dimensional polariton channel, microwires with the length of 200 µm and width of 5 µm were created via electron beam lithography and etched deeply into the structure using electron-cyclotron-resonance reactiveion-etching. Due to the optimized etching technique resulting in smooth and steep sidewalls with extremely small roughness, no detrimental influence on the cavity Q-factor was caused. A scanning electron microscope image of such a wire structure is shown in Fig. 1a ).
Experimental details
In Fig. 2a ) of the main text we schematically show the experimental setup for the measurement of the g (1) (r, −r)-function. The signal P originating from the sample is divided in two parts by a 50 : 50 non-polarizing beamsplitter. The signal which enters first arm is reflected by a mirror (P) and it is directly imaged on the CCD. At the end of the second arm, which is mounted on a combination of a translation stage and a piezo-actuator, we installed is a prism instead of a mirror, which produces in realspace a flipped image ( P) of the sample-emission pattern. On the CCD the two images are overlapped and one receives the interference-image, which is shown in Fig. 2b ) of the main text. The overlapping realspace coordinates are now (r, y) and (−r, y). By changing the path difference x between the two interferometer arms with the help of the piezo-actuator the interference fringes are shifted on the CCD-image. The intensity of each pixel has a sinusoidal modulation dependent on the path difference x. By recording images for different path delays x up to a maximum path difference of about x max = 2λ con (λ con : emission wavelength of the condensate), which is in our case about x max ∼ 1.6 µm, we can extract the sinusoidal intensity modulation for every pixel of the CCD-image (main text Fig. 2c) ). We fit this data with the following sinus-function:
where x is the path difference between the two arms of the interferometer. From the fitted function we can directly extract the g (1) (r, y, −r, y)-value g (1) (r, y, −r, y) = g (1) (∆r, y) = A I0 and the relative phase φ = 2πx0 λcon . By performing this analysis for every pixel of the image, we can extract the coherence map of Fig. 2d ). For the comparison of the theory with the experiment we extract a cross-section of the coherence map at the center along the length of the polariton-wire (y = 0).
In Suppl. Fig. 1a ) and b) we plot the g is the noise level of the system (about 0.03-0.04), above threshold at P > P th the shelf height increases up to 0.15 (Suppl. Fig. 1a) ). It is worth noting, that the drop of the g (1) (30 µm, 30 µm) value for larger pump powers is most likely caused by power-induced sample heating, which again confirms the detrimental impact of thermally activated phonons on the coherence properties of the condensate. The heating is also seen in Fig. 1e ) of the main text, due to the intensity decrease at higher excitation powers. In Suppl. Fig. 1b) it is clearly seen, that the shelf decreases with temperature and at T = 25 K the value is again at the noise level of our setup.
Phase fluctuations in a 1D polariton condensate
In a 1D Bose gas [2] , in the weakly interacting regime, the expectation value for phase fluctuations can be represented as
where
is the 1D coherence length which characterises the expected length over which coherence decays as a result of phase fluctuations, i.e. for a quasi-condensate, one expects an exponential decay g 1 (x) ∝ exp(−|x|/l φ ). With some realistic values in place for the sample parameters, such as sample temperature T = 4K and polariton mass m = 0.2 × 10 −4 m e , where m e is the vacuum electron mass, it is found that even for a small 1D density of n s = 10µm −1 , the coherence length is found to be l φ > 100µm. The typical system size R, i.e. the steady-state length over which the condensate density exceeds the critical density, is thus generally less than l φ . The inequality R < l φ implies the suppression of phase fluctuations for this parameter space location, and further, that the condensate should be closer to a true-BEC than a quasi-BEC state and exhibit plateauing g 1 (r) at large distances, precisely that found in our experiments. Enhancing the 1D density will further enhance the coherence length and the case for characterizing the 1D polariton BEC as a true-BEC.
Theoretical approach details
We describe the system by the full density matrix factorizing it into polariton and phonon parts (Born approximation) ρ = ρ ph ⊗ ρ pol , where the phonon part of the system is assumed to be thermalized and time-independent, ρ ph = exp {−βH ph }. The single-particle density matrix in real space is a Fourier transform of the density matrix in reciprocal space:
Due to the fact that initially coherent pumping terms have stochastic nature in our approach (having random pumping energy at each iteration), these terms effectively play a role of incoherent pumping. In this sense, the theoretically used pumping scheme is very close to the experimental setup, where coherent but frequency-detuned pumping was used. Moreover, the results of the experiment and theoretical data are in good agreement. Therefore, we consider such theoretical trick justified.
In the Hamiltonian (6) we can distinguish between the part H h describing the Hamiltonian evolution of the system and including the terms of the kinetic energy, pump and polariton-polariton interactions, and the part H th describing the processes of thermalization coming from polariton-phonon interactions, H = H h + H th . The dynamics governed by these two parts should be treated independently, and total equation for the density matrix can be represented in the form of the master equation accounting for both types of the processes:
where the coherent part of the evolution is governed by the Liouville-von Neumann equation:
and incoherent part can be represented in the Lindblad form [6] :
where the coefficient δ ∆E denotes the energy conservation, the terms H + and H − correspond to the processes of creation or destruction of the external reservoir particle, H th = H + + H − ,H + = k,q D k (q)a † k+q a k b † −q . Further, we obtain the full system of equations for the dynamics of the polariton system by combining the equations above and finding the expression for the single-particle density matrix:
where the trace is performed by all the degrees of freedom of the system. Thus, the dynamics equation for the diagonal and off-diagonal elements of the single-particle density matrix reads:
where the first line in the formula accounts for the free-particles kinetic energy, the second one is responsible for the pump and finite lifetime, the third line describes polariton-polariton scattering, and the rest of the equation refers to the polaritons interaction with the reservoir of acoustic phonons. Here n ph q is the number of phonons with momentum q, given by the Bose distribution, and W (q ′ ) are the transition rates of phonon-assisted processes.
It can be seen from the formula above that in order to account for the coherent pump it is required to know the dynamics of the order parameters a k . Therefore, we make our system of equations complete by adding N additional equations: Coupled equations (14) and (15) represent a nonlinear convergent system, first-order in time. Therefore, a standard Runge-Kutta numerical iterative scheme was employed in order to find the consistent solutions. The initial condition corresponded to zero polariton occupation in the sample and absent polariton-phonon coupling. The correlators and mean values of the creation-annihilation operators were also set to zero.
